Introduction {#sec1}
============

The process of multiple exciton generation (MEG), also known as carrier multiplication (CM), in which absorption of a single photon leads to the generation of multiple excitons (electron--hole pairs), has been reported in nanostructures of many different semiconductors,^[@ref1]−[@ref4]^ in carbon nanotubes,^[@ref5]^ and in atomically thin two-dimensional materials.^[@ref6]^ It also takes place for bulk materials.^[@ref7]^ Exploiting MEG could offer a large performance increase for solar cell technology.^[@ref8]−[@ref10]^

The experimental investigations of MEG typically address the magnitude and/or temporal evolution of the ground state exciton occupancy as the function pump photon energy and typically make use of transient absorption (TA),^[@ref11]^ photoluminescence,^[@ref12]^ and THz conductivity.^[@ref13]^ The carrier generation efficiency is determined from the ratio of the early time occupancy and that after some time when the Auger recombination has removed all excess carriers. When performed over a large energy range, these measurements become prone to error as photocharging effects and multiple absorption events complicate the extraction of reliable MEG parameters; indeed, reassessments of MEG efficiencies by improved measurement protocols have shown much lower values than initially reported.^[@ref14],[@ref15]^ Another limitation of these methodologies is that they do not provide information on the time scale the MEG process takes place, although a model to deduce this from cooling dynamics has been suggested.^[@ref16]^

In general terms, the efficiency of the MEG process is determined by its competition with hot carrier cooling, typically dominated by phonon scattering. In the current study, we use the all-inorganic perovskite quantum dots (QDs) of CsPbI~3~, which became recently available.^[@ref17]^ Carrier cooling in perovskites generally turns out to be considerably slower than for conventional semiconductors, giving them the potential for application in hot carrier solar cells. The mechanisms put forward for this retarded cooling include a large polaron screening effect,^[@ref18]^ hot phonon effect,^[@ref19]^ and acoustical--optical phonon upconversion,^[@ref20]^ among others. Cooling rates for lead halide films depend on temperature and are typically in the 1--5 eV/ps range with a specific value for CsPbI~3~ of 3 eV/ps.^[@ref21]^ For perovskite QDs, the energy dispersion is symmetric, and the small effective masses for both electrons and holes limit the typical cooling channel by the energy transfer to holes.^[@ref22]^ The slow cooling rates are beneficial for MEG to occur, and investigations have reported on high efficiencies hereof in perovskite QDs.^[@ref23],[@ref24]^

We present a methodology to independently determine the effective rates of carrier cooling and the MEG processes in the most direct way. Our study captures MEG "in action", providing an independent visualization of the process while avoiding complications encountered with before mentioned approaches and thus a novel and reliable experimental approach.

Results and Discussion {#sec2}
======================

Cubic-shaped colloidal CsPbI~3~ QDs with an average edge of ∼12 nm were prepared through a hot-injection synthesis (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf)). A high-resolution structural characterization of the QDs can be found in ref ([@ref23]). The size of the QDs is comparable to an exciton Bohr diameter of ∼12 nm,^[@ref17]^ putting them in the intermediate confinement regime. The band gap, as determined from absorption spectra, is 1.85 eV (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf)).

To study the ultrafast carrier dynamics, we have employed a series of femtosecond white light transient absorption (TA) experiments at varying excitation photon energies in the 1.9--4.5 eV range. We note that, for lead halide perovskites, it is well known that the optical responses around the band edge are determined by twofold spin degenerate valence and conduction bands.^[@ref25],[@ref26]^ In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, it can be seen that, around the band gap, the structure of the TA signal directly after excitation typically consists of two parts. The photoinduced bleach (PIB) appears for energies related to the ground state exciton, which bleaches due to state filling as the "hot" carriers photoexcited by the pump laser pulse relax to the band edge. On the low energy side, a photoinduced absorption (PIA) is observed, which results from the transition energy modification of the QDs upon the excitation pulse, the bi-exciton shift.^[@ref25],[@ref27]^

![Transient absorption dynamics for the first 10 ps after excitation of a pump photon energy of 3.9 eV**.** On the low photon energy side, only free carrier absorption contributes to the TA signal. For energies just below the band gap of 1.85 eV, there is an additional fast TA signal, which is attributed to the bi-excitonic effect, where the presence of an exciton shift the band edge transition to lower energy. For energies around the ground state exciton, there is a positive TA feature (bleaching), which increases for short times (2 ps), and is attributed to state filling due to cooling of hot excitons.](ao0c02067_0001){#fig1}

For the PIA signal, probing with energies below the band gap eliminates the interband contribution, and in that case, the time evolution of the intraband absorption by free carriers can be selectively followed. These PIA transients are typically characterized by an instantaneous rise after the pump pulse has induced free carriers, and its amplitude is directly proportional. This can be used as a measure of their concentration available at the moment of probing. In this study, the PIA has been determined for a probe energy of ∼1.6 eV, i.e., sufficiently low to prevent the interband absorption, even when the bi-exciton shift of the absorption onset is taken into account (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf)).

Exciton cooling times can be determined from the risetime of the PIB signal around the ground state exciton energy as this reflects the time it takes for carriers photogenerated by the pump pulse to relax down to the band edge states interrogated by the probe beam. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a depicts the experimentally determined initial PIB transients for five different pump photon energies *E*~exc~. The extracted risetime values for the data are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and exhibit a linear increase with the pump energy *E*~exc~, up to about a photon energy of 4 eV. This linearity is typically observed for perovskite QDs^[@ref24],[@ref28]^ and is a characteristic of the intraband cooling. It implies that the process responsible for the cooling is relatively constant over a large energy range. This can be rationalized by the notion that the QDs are in the intermediate confinement regime and have fairly continuous energy levels. The second excitonic state for similarly sized QDs has been found to lie only 50 meV above the band edge exciton state,^[@ref28]^ which is about a factor of 2 larger than the LO-phonon energy, allowing for a relatively effective cooling by the Fröhlich interaction even at small excess energies.^[@ref29]^ The linearity observed in τ~rise~ allows us to deduce a value for the hot carrier energy loss rate, *k*~el~, which is given by the slope Δ*E*~ex~/Δτ~rise~. In the present case, we find a value of *k*~el~ = 1 eV/ps, which is about 3 times lower than what has been reported for the bulk material.^[@ref21]^ In contrast, for larger values of *E*~exc~, the experimentally determined risetime shortens considerably. This implies that, above a certain threshold value of the pump excitation energy *E*~exc~, there appears another faster pathway for carriers to relax toward the band edge. This threshold coincides with the onset energy of the MEG process, as recently reported for similarly sized QDs.^[@ref23]^ Therefore, it is reasonable to assume that the shortening of the risetime is a result of the MEG process that commences at this pump energy and starts to compete with the conventional cooling process observed at the lower energy excitation.

![Cooling rates**.** (a) Normalized dynamics of the photoinduced bleach dynamics for different pump photon energies *E*~exc~ (circles) and single exponential fits (lines). (b) Risetimes obtained from fits of the photoinduced bleach for different pump photon energies.](ao0c02067_0002){#fig2}

Phenomenologically, for the above-threshold excitation, the energy loss process can be described by the competition between thermal cooling and MEG, characterized by *k*~el~ and

*k*~MEG~ rate constants ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), respectively.^[@ref30],[@ref31]^ When an exciton acquires an energy *E*~exc~ larger than the threshold for MEG, *E*~th~, the exciton starts to cool down with the energy loss rate *k*~el~ = 1 eV/ps. As long as the exciton remains above *E*~th~, as determined by the rate *k*~th~*= k*~el~/Δ*E*, there is the possibility for MEG to occur. Following the MEG model, two components can be expected in the PIB rise dynamics: a fast one related to the excitons generated by the MEG, two per absorbed photon, and a slower component, arising due to excitons arriving to the probed band edge states by phonon scattering.

![Exciton cooling model. The MEG process can only occur as long as the energy of the exciton remains above the energy threshold, *E*~th~, for MEG. This time is determined by the difference between the excitation energy, *E*~exc~, and the threshold energy, *E*~th~, indicated in the figure by Δ*E* and the energy lost rate. The exciton generation yield is determined by the competition of the rate of cooling till the threshold energy, *k*~th~, and the MEG rate, *k*~MEG~. The relative contribution of these two channels determines the quantum efficiency of the MEG.](ao0c02067_0003){#fig3}

Following the phenomenological model, we write the following set of rate equations to numerically simulate the time evolution of exciton cooling

In this model, three states are considered: *N*~hot~ reflecting excitons with energy above *E*~th~, *N*~th~ depicting excitons cooling down from *E*~th~, and *N*~be~ reflecting excitons with energy of the band edge *E*~be~. Excitons *N*~th~ cool down to the band edge with a rate determined by the difference of *E*~th~ and *E*~be~ and the energy loss rate *k*~el~. Furthermore, *k*~decay~ reflects the initially observed decay component of the PIB signal with a value of (35 ps)^−1^. In this model, *N*~be~ depicts the number of excitons cooled down to the band edge and will thus determine the observed PIB signal. By setting *N*~hot~\[0\] = 1, *N*~th~\[0\] = 0, and *N*~be~\[0\] = 0, the time evolution of *N*~th~ has been determined. The results hereof have been convoluted with the instrument response function (IRF), and the value of *k*~MEG~ was varied to find a match to all data. For a value of *k*~MEG~ = 1.1 ps^--1^, these simulations reproduce the experimentally determined PIB signals for all energies above *E*~th~, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--e. We note that, for the largest photon energies, also, oscillations can be observed, which have been predicted theoretically to occur between (hot) single exciton and multiexciton states in strongly coupled systems, when the multiexciton rate is much slower than the Coulomb-driven coupling rate.^[@ref32]^ Finally, we note that this cooling model is not rigorous and uses a number of simplifications. The energy loss rate *k*~el~ expresses the progressive cooling of excitons via intermediate steps by a single value and is assumed to be constant for all exciton energies. Similarly, *k*~MEG~ is assumed to be constant, independent of the energy level, which we consider to be reasonable for the large excess energies and relatively small energy range in which MEG is possible in this study.

![(a--e) Rise PIB signal for the above-threshold pumping and results of numerical simulations. Normalized PIB signal for five pump photon energies above *E*~th~. The continuous lines depict the normalized solution of rate equations ([eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[3](#eq3){ref-type="disp-formula"}), convoluted with the IRF, for a value of *k*~MEG~ = 1.1 ps^--1^. (f) Exciton generation quantum yield as a function of relative pump photon energies (*h*ν/*E*~g~) for ref ([@ref31]) based on PIA and PIB and for this work. The error is determined from the variation in the parameter *k*~MEG~ in the fitting procedure on which panels (a--e) are based.](ao0c02067_0004){#fig4}

The number of excitons produced by an absorbed photon can be deduced by using the rates *k*~MEG~ = τ~MEG~^--1^ and *k*~th~, as . From the above results, we obtained a value of *E*~th~ = 4 eV, which together with the found exciton energy relaxation rate of 1 eV/ps allows us to determine *k*~th~ for the pump photon energies above the threshold. By combining these values with the MEG rate obtained above, we have determined the exciton generation yield. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f shows the exciton generation yield as a function of pump photon energy relative to the band gap (*h*ν/*E*~g~). Also included in the figure are the data found in the previous investigations concerning the MEG process in CsPbI~3~ QDs based on the conventional PIA and PIB methodology.^[@ref23]^ Although the values found here are slightly lower, they have a similar MEG threshold energy and slope, showing the effectiveness of the approach.

Interestingly, while for many materials, the value of τ~MEG~ is assumed to be about an order of magnitude shorter; as it has to compete with faster energy cooling rates, we find that it is relatively long for CsPbI~3~, which allows it to be observed experimentally in the carrier generation dynamics.

We try to observe τ~MEG~ by investigating the PIA dynamics of the same sample using probe energies far below the band gap. We assume that, in this case, primarily excited excitons contribute to the observed absorption, although other contributions, like charged QDs, might also contribute to this signal. The idea behind this measurement is explained in the Supporting Information, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf). Upon excitation of the QDs by the pump pulse, there is an immediate absorption signal due to the generated excitons. In the case of excitation below *E*~th~, this will give increase to an instantaneous rise of the PIA signal. However, when the pump photon energy exceeds *E*~th~, there will appear an extra rise component due to the MEG process, governed by the τ~MEG~.

This delay in the amount of excitons generated by the pump pulse, we model numerically with the following set of rate equations where the same values for the rates are used as beforewhere *N*~hot~ is the number of excitons with an energy above *E*~th~, *N*~cool~ is the amount below *E*~th~, and *N*~total~ is the total amount of excitons. By setting *N*~hot~\[0\] = 1 and *N*~cool~\[0\] = 0, we determine the time dependence of the total amount of excitons after a hypothetical instantaneous excitation pulse. By convoluting the IRF with the numerical solution of the rate equations, we get the expected experimental time dependence of the induced absorption PIA signal. The results hereof are compared to the experimentally determined PIA dynamics in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} where also the system response, defined by the convolution of a (hypothetical) step function with the IRF, is included for the case without MEG. As a reference, the PIA dynamics of ZnTe, which is not expected to have any delay in carrier generation due to its band gap of ∼2.26 eV,^[@ref33]^ i.e., too large for MEG, are also included. For an energy of 4.5 eV, the rise of the signal for the QDs is slower than the system response; including the MEG dynamics as obtained following the above methodology reproduces the experimental transient, thus providing an independent verification of the result.

![Risetime of the photoinduced absorption signal. The left figure shows the experimentally determined PIA transients for a pump photon energy of 3.1 eV, for ZnTe and CsPbI~3~ QDs, together with the system response (convolution of step function and IRF). The right figure shows the same properties for a pump photon energy of 4.5 eV with additionally the results of numerical simulations of equations ([eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}--[6](#eq6){ref-type="disp-formula"}) with *k*~MEG~ = 1.1 ps^--1^, convoluted with the IRF (gray line), as explained in the main text.](ao0c02067_0005){#fig5}

Even for the largest excitation energy used in this study, the slower rise in the PIA response is only a small effect. As discussed above, the delay in the generation of excitons is governed by *k*~MEG~ and *k*~th~; thus, to be experimentally observable, the sum of these rates has to be smaller than the experimental resolution. This puts strict restrictions on both rates: if either one is too large, then the transients will be obscured in the measurement, and only the absolute intensity of the PIA signal will be enhanced. Based on the experimental limitations, we estimate the maximum for sum of the two rates to be ∼10 ps^--1^, which is likely to be generally valid for transient absorption measurements. This is also the reason why it has not been observed before; for example, for CdSe, these rates are *k*~MEG~ \> 20 ps^--1^ and *k*~th~ = 2.5 ps^--1^,^[@ref11]^ and for FAPbI~3~ hybrid perovskite QDs, their values are estimated to be *k*~MEG~≈ 33 ps^--1^ and *k*~th~≈ 11 ps^--1.[@ref24]^ We recall that, notably, for both these materials, a shortening of the PIB risetime has been reported for large excitation photon energies.^[@ref12],[@ref19]^

Another important point is the excitation density employed in the experiment. All PIB decay traces have a small fast component, which is typically assigned to an Auger type bi-excitonic decay. This could appear due to multiphoton absorption events in a single QD or following MEG. All absorption transients recorded in the present study have been obtained at low pump fluence where it is also due to the Poisson distribution of absorbed photons that some QDs might undergo multiple excitations within a single pump pulse, which becomes more likely for increased absorption cross sections (values for the average amount of the absorbed photons per QD per pulse, *\<N*~abs~*\>*, are between 0.09 and 0.3; see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf)). In such a case, there will be an Auger heating effect that influences the exciton cooling rates.^[@ref34]^ Each Auger event releases an energy comparable to that of the band gap (1.85 eV) within an Auger decay time of 35 ps. For the system investigated in this study, this gives a heating rate of 0.05 eV/ps, a minor value compared to the observed cooling rates. Similarly, as the effects of photocharging are also taking place on the Auger time scale, their influence is also expected to only have a negligible effect on the initial carrier dynamics. We further note that there can also be an influence on the cooling dynamics due to a hot-phonon bottleneck, which is dependent on the exciton density and their temperature.^[@ref35]^

Different mechanisms underlying the MEG mechanism have been proposed in the past of which a model based on impact ionization resembles the behavior in bulk materials.^[@ref36]^ For the QDs investigated here, the electron and hole effective masses are 0.15 and 0.2m~0~, respectively.^[@ref37]^ For similar masses, it is expected that the excitation energy is distributed nearly equally between both carriers. This fact, together with the low energy threshold for CM, precludes the impact ionization to be responsible for the generation of the multiple excitons. Alternative models explain the formation of multiexcitons via a coherent superposition of single and multiexciton states^[@ref3],[@ref32]^ or directly via Coulomb coupling to a hot virtual single exciton state.^[@ref11]^ The current study finds a delay in carrier generation, which does not support the direct formation of multiexcitons. We further note that the oscillations of the ground state bleaching signal (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf)), increasing in amplitude for larger excitation photon energies, is in line with the coherent superposition model, which predicts such oscillations.^[@ref32]^ However, these observations require a more detailed study to be able to make any conclusive remarks on this, but this falls outside of the scope of this work. We believe that our findings deliver important information for the theoretical modeling of the exciton generation in QDs.

Conclusions {#sec3}
===========

Using ultrafast transient absorption techniques, we have visualized the dynamics of MEG by taking advantage of the relatively slow carrier cooling rates of the perovskite QDs. By analyzing the initial picosecond time window, directly after the pump pulse, we have shown how the MEG process opens additional channel funneling excitons toward the band edge and thus speeding up the rise of the PIB signal. On the other hand, with the sub-band gap probing, we have identified a slower rise of the PIA signal, which we consider due to the absorption by additional excitons created by the MEG process, superimposed on the "instantaneous" PIA by excitons formed directly upon the photon absorption. In that way, we were able to experimentally determine a MEG rate of 1.1 ps^--1^. We have successfully modeled the PIB and PIA dynamics with a set of rate equations based on a simple model where MEG is in competition with carrier cooling and produced reliable, internally consistent values for the associated rates. We believe that the applied methodology is a welcome addition to the toolkit of MEG investigation techniques, providing efficiencies as well as dynamical information on the relevant processes.

Experimental Section {#sec4}
====================

CsPbI~3~ QDs were synthesized by a slightly altered version of the protocol first reported by Protesescu et al. in 2015.^[@ref17]^ Cs~2~CO~3~ (0.814 g) was mixed with 40 mL of ODE and 2.5 mL of OA to prepare the Cs oleate. The mixture was subsequently stirred at 150 °C in an inert atmosphere until the reaction was completed. The reactants were then dried for 1 h at 120 °C. Five milliliters of ODE and 1.88 mmol PbI~2~ were dried in a N~2~ atmosphere for 1 h at 120 °C. After water removal, 0.5 mL of dried OA and 0.5 mL of dried OLA were added to the reaction flask, increasing the temperature to 175 °C. After the solvation of the PbI~2~ was completed, 0.4 mL of the warmed up Cs oleate solution was injected. The reaction finishes in a few seconds, and after that, the QD solution was quickly cooled down by an ice bath. The final product was purified using several centrifugation steps and was redispersed in hexane. For the optical measurements, the samples were further diluted and transferred to a UV grade quartz cuvette with a 2 mm path length.

The TA experiments were performed by two ultrafast OPA systems capable of generating ∼100--200 fs pulses in the 1.9 to 4.5 eV regime. A white light continuum generated by focusing a part of the pump laser through a nonlinear crystal was used as probe, and the timing between them could be changed by a delay line. The transients of the photoinduced absorption signal were taken at a probe wavelength range from 770 to 780 nm, i.e., around 1.6 eV. For the transients of the photoinduced bleach signal of the ground state exciton, a 10 nm band around 1.85 (670 nm) eV was used (i.e., an energy bandwidth of ∼27 meV). More details can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02067](https://pubs.acs.org/doi/10.1021/acsomega.0c02067?goto=supporting-info).Materials and methods, linear absorption/band gap, rate equation modeling, schematic explanation of PIA and PIB, absorption cross section, fits of PIB fringes, and bi-exciton shift determination ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02067/suppl_file/ao0c02067_si_001.pdf))
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